The colour-changing stimulus paradigm is based on a tacit assumption that kinematic attributes (velocity, movement direction) do not aVect the detection of colour change (Moutoussis & Zeki, 1997) . In this study three experiments are reported that clearly demonstrate that the time needed to detect changes in colouration of a moving stimulus becomes shorter with its velocity. The reduction of reaction time with increase of velocity is a purely kinematic eVect independent on the reduction of reaction time caused by the stimulus uncertainty eVects. It is concluded that colour coding mechanisms are not totally ignorant about movement parameters. 
Introduction
Semir Zeki with colleagues introduced an elegant colour-changing stimulus paradigm to determine the relative speed of processing diVerent stimulus attributes (Moutoussis & Zeki, 1997) . When moving objects are repeatedly changing colour (between red and green, for example) and alternating their motion direction (upward and downward) with the same frequency, then colour change must occur approximately 80 ms after changes in direction to be perceived as synchronous. They proposed that this asynchrony is due to the fact that the colour and motion analysing systems occupy geographically distinct locations in the visual cortex and these two systems have diVerent perceptual latencies: we become conscious of colour before we become conscious of motion (Zeki et al., 1991) . This spectacular demonstration has served as a crucial evidence for a generalisation that there are many consciousnesses distributed in time instead of a single unitary consciousness (Zeki, 2003) .
This interpretation of the results of the colour-anddirection-changing experiments is highly controversial because it disagrees with many observations including neurophysiological data showing that cortical areas MT and MST, the most relevant for motion processing, have substantially shorter latencies than the area V4 known as the prime site for colour analysis (Schmolesky et al., 1998) . Beside other similar observations (e.g., Berry, Brivanlou, Jordan, & Meister, 1999; Livingstone & Hubel, 1988) , there is a group of psychophysical Wndings which can be interpreted as latency diVerences indicating that a moving object is processed faster and reaches consciousness earlier than a stationary one (e.g., Nijhawan, 1994; Whitney & Murakami, 1998 ; however, for an opposite result see Nijhawan, Watanabe, Khurana, & Shimojo, 2004) .
On the other hand, several studies have questioned Zeki's interpretation on the ground that perceptual judgements are not directly interpretable in terms of perceptual latencies, at least not without an explicit model of the psychophysical decisions. It appears, for example, that about 80 ms delay occurs only for relatively high frequencies of oscillation. As the change rate slows down, the perceived asynchrony between colour and motion changes disappears (Nishida & Johnston, 2002) . The perceptual delay of 80 ms observed in the colour correspondence task (Moutoussis & Zeki, 1997) is replaced with almost perfect synchrony in the temporal order task where the observer's task was to indicate whether a change in colour occurred before or after a change in motion (Bedell, Chung, Ogmen, & Patel, 2003; Nishida & Johnston, 2002) . There was also no diVerence when observers were asked to make button press responses to a particular colour or motion direction-responses to changes of these two attributes were identical (Nishida & Johnston, 2002) . Thus, these studies show that latencies in the perceptual system are task-speciWc and can vary according to the immediate stimulus context (cf. Adams & Mamassian, 2004; Allik & Kreegipuu, 1998; ). For example, it has been shown that an apparent temporal ordering of two simultaneous events depends on preceding stimulus events (Collyer, 1976) .
Beside establishing limits in which the colour-motion asynchrony could be observed, there is a more fundamental problem with the colour-changing paradigm that to our knowledge has never been discussed. The colour-changing stimulus paradigm seems to be based on a tacit assumption that kinematic attributes (velocity and acceleration) do not aVect the detection of the colour change. It is assumed that the colour-change of a moving object is detected identically irrespective of the velocity of the moving target. Trying to reveal ideas behind the silent assumption, it seems that the proponents of this paradigm assume the existence of two types of colour detectors (coding red and green respectively) which switch on as soon as one of them has detected the presence of the colour they are turned to. It does not matter whether this colour belongs to a moving or stationary object-colour-coding units are movement-blind and they just measure presence of radiation with a particular wavelength.
In the present study, we present evidence that the detection of changes in colour depends on the velocity of moving targets that seriously undermine the whole logic of chronometrisation of the perceptual delay by the colour-changing stimulus paradigm. To test the inXuence that movement speed has on the ability to notice changes in the moving object colouration, we designed three experiments. In the Wrst experiment, an object moving with a uniform speed across the screen changed its appearance once during the movement. The observer was instructed to react as fast as possible when the moving object changed either its colour or contrast in relation to the starting value. In the second experiment, we made the place where the colour-change took place constant but manipulated the probability of the occurrence of the colour-change. Finally, in the third experiment we studied how the size of the stimulus and the luminance gradient aVected the detection of the colour change. All three experiments demonstrated that the time needed to detect changes in colouration becomes shorter with velocity.
Experiment 1
The purpose of the experiment was to study simple reaction times (RTs) to unpredictable changes of an object that moves with diVerent constant velocities and to compare them with the time required to detect similar changes of a stationary object. There were two types of experimental sessions dependent of the changing attribute: in one type of sessions the chromatic object changed its colour from red to green or green to red; in the second type of sessions the achromatic object changed incrementally or decrementally its contrast. The observer's task was to indicate, as fast as possible, when the object changed its colour or contrast.
Methods

Observers
Seven observers, four women (20, 21, 22, and 30 years) and three men (20, 21, and 22 years), with normal or corrected-to-normal vision participated in the experiment. Four observers were unaware of the purposes of this experiment.
Apparatus and stimuli
Stimuli were generated on the HP 19Љ monitor screen (approximately 22.08°£ 17°) with the help of a Cambridge Research Systems VSG 2/3. In order to achieve a better temporal resolution (200 Hz frame rate) the spatial resolution was reduced to 186 vertical lines and 752 horizontal positions. Reaction time was measured using an external clock of VSG 2/3 card providing the precision of at least 1 ms. The background luminance of the screen was 1.92 cd/ m 2 . The colour stimuli were red or green rectangular bars (1.96°£ 0.25°) with approximately equal luminance of 12.7 cd/m 2 . The achromatic stimulus was a white bar with two possible luminance values either 5.09 or 20.2 cd/m 2 . These two values around the luminance of the colour bar were chosen to obtain approximately comparable perceptual salience of the change. Observers sat at a 90 cm viewing distance from the screen and were instructed to Wxate a small cross in the centre of the screen. The order of sessions (colour or luminance change) was randomised.
Procedure
Each trial started with the appearance of either a moving or stationary rectangular bar. The bar appeared at the left or right edge of the screen and started immediately to move horizontally across the screen with one of Wve constant velocities: v D 5.9, 11.7, 17.6, 23.4 or 35°/s that were chosen randomly within a single block. The central part of the trajectory (one third of the screen width) was divided into 10 equally spaced positions (7.4; 8.2; 9.0; 9.8; 10.6; 11.5; 12.3; 13.1; 13.9 or 14.7° from the starting edge), the possible switch-points, where colour or luminance of the moving object could change. The (luminance or colour) change could happen with equal probability in one of these 10 positions and the movement lasted from 211 to 2509 ms, depending on the colour-change location and movement velocity, before the change occurred. The stationary bar (v D 0°/s) appeared randomly in one of these 10 positions and changed unpredictably its colour or luminance within the time window of 317-2509 ms after its appearance on the screen (corresponding temporally to the relevant interval for a bar moving on average at about 10.6°/s, varying randomly between the four slower velocities). Observers were instructed to press a response key as quickly as possible after he or she has noticed the change in colouration or contrast. Each observer performed 150 trials per task and velocity (i.e., 1800 trials per person).
Results
Fig. 1 presents the mean RT to the change of colour or luminance as a function of bar's velocity. Only RTs over 100 ms and below 1000 ms were included. Altogether there were 35 misses (i.e., RT > 1000 ms) and 769 anticipatory responses (RT < 100 ms, 6.1%) that were not randomly distributed. The proportion of anticipation varied across observers (between 0.009 and 12.3%) and velocities (from 0.005% for 0°/s to 12.5% for 35°/s). Because individual data were essentially similar, irrespective of the rate of anticipatory responses, only averaged results are shown. The main regularity is the same for both tasks, the detection of luminance and colour change: the time required to notice the change in the moving object appearance decreases monotonically with velocity. Except the lowest speed (5.9°/s), it took less time to notice the change in the moving rather than in the stationary object. Although RTs to the luminance change were slightly faster than RTs to the colour change, two curves were strictly parallel. Indeed, although the two-way repeated measures ANOVA revealed signiWcant eVects of velocity [F (5, 12) D 343.7; p < .0001] and the type of change [F (1, 12) D 36.1; p < .00001], there was no interaction between these two factors [F (5, 12) D 1.036; p < .39]. Thus, the shortening of the detection time with the increase of velocity was not restricted to colour change alone but was similar to the change of achromatic contrast as well. It is interesting that there was no diVerence between the polarity of change: the luminance increment was detected as fast as the luminance decrement [F (1, 6) 
In order to scrutinize why the change in the slowly moving stimulus had been detected more slowly than that of the stationary one we reanalysed data separately for each position. Fig. 2 demonstrates the mean RT for each spatial position of the luminance and colour change in the order of their passing through by the moving stimulus.
Although the relative order of RTs for diVerent velocities is preserved for all spatial positions, the shortening of RTs due to motion is the most manifest in the positions closer to the end of the moving trajectory. In the same way, using a contrast probe technique, Verghese and McKee (2002) showed that in noise, contrast increments are more easily seen at the end of the trajectory than at the beginning. In the Wrst 2-3 positions, the eVect of velocity is relatively small and the changes in luminance and colour of the moving object are not detected considerably faster than that of stationary one. On the contrary, changes in the slowly moving stimulus are detected even less quickly than similar changes in the motionless stimulus.
Except the amplitude, the shape of all curves presented in Fig. 2 is essentially similar: the detection time decreases as the moving object approaches the end of the zone where the luminance or colour was allowed to change. The maximal diVerence between RT in the Wrst and the last position was about 100 ms. The shortening indicates that the observer's readiness to respond increases along with the object progress along the movement trajectory.
The appearance of the target may be regarded as a "warning signal". The time between the warning signal and the change of colour can be regarded as a foreperiod. Having a random foreperiod within some Wxed range, the simple RT tends to decrease with the increase in the foreperiod duration (e.g., Klemmer, 1956 ). In Fig. 2 for a Wxed speed the RT is a decreasing function of the position of the colour change, i.e., the RT decreases with the increase in the time elapsed between the warning and the critical signals. Alternatively, the probability that the moving target will change its luminance or colour in the Wrst position is 1/10. If the moving target has passed the 9th position unchanged the probability of change for the last position is one. Thus, the closeness to the "end zone" can serve the role of another "warning signal" which reduces RT: it is well established that the simple reaction time is speeding up as time uncertainty decreases (e.g., Näätänen, 1972; Niemi & Näätänen, 1981) . However, it was not time uncertainty or foreperiod duration alone that determined the increase or decrease of the reaction time. When RTs were plotted as a function of the time that remained to reach the end of the zone where the colour change was possible no single functional dependence occurred. Although shorter time intervals corresponded in general to shorter response times diVerent velocities had diVerent slopes. Among all possible stimulus combinations it is possible to Wnd a Wxed foreperiod corresponding to diVerent velocities. For example, there was a set of stimuli with a Wxed foreperiod of 137 ms (from entering the zone of colour-change to the actual change of colour). The mean reaction times were 343, 297, 267, 223, and 182 ms for the velocities 5.9, 11.7, 17.6, 23.4, and 35°/s, respectively. Thus, the total reduction of the RT was about 160 ms as the velocity increases from 5.9 to 35°/s and the foreperiod was held constant. Although the eVect of the increased preparedness can explain the general shape of the curves, which was slightly diVerent for diVerent velocities, it is unable to explain the average diVerence between curves: the average RT dropped from about 310 to 235 ms when the velocity increased from 5.9 to 35°/s (see Fig. 1 ). Although partly confounded with the foreperiod or uncertainty eVects, the systematic downward shift of the isovelocity curves in Fig. 2 suggests that the eVect of velocity is largely independent from these expectation eVects.
Experiment 2
The design of the previous experiment did not allow separating spatial and temporal uncertainty. It is possible that the reduction of the mean RT was either due to the reduction of uncertainty about the time of the prospective colour-change or due to speciWcation of the exact position where the moving object will change its colour. At variance with the previous experiment, in this experiment there was no uncertainty about where and when the colour is going to change. If the moving object changed its colour then it was exactly at the same place when it was passing the imaginary centre of the screen. What was unpredictable, however, was the occurrence of the colour change itself at each particular trial. Thus, by manipulating the probability of colourchange we were hoping to disentangle the eVect of velocity from the spatial and temporal uncertainty.
Method
Participants
Four female observes (22, 22, 22, and 31 years) participated in this experiment. Two of the observers had participated in the previous experiment, too.
Apparatus and stimuli
Experiment 2 was essentially similar to that of the Experiment 1. The main diVerences were following: only chromatic stimuli, three velocities (0, 5.9 or 23.4°/s) and a Wxed switch-point for the colour change in the centre of the screen were used. Instead of 100% of probability for the change, the change probability was varying between blocks of trials being either 50, 75 or 90%.
Procedure
Like the previous experiment, the red or green rectangular bar appeared on the left or right border of the screen and started to move with one of two constant velocities, (5.9 or 23.4°/s). In addition to these two velocities, in 1/3 of cases a stationary bar was presented at the centre of the screen. In a certain number of trials the moving bar changed its colour as soon as it had reached the centre of the screen. Similarly, in a certain number of trials the stationary bar changed its colour after a time interval that would have taken to a moving bar with the average velocity of 10.6°/s to reach the centre of the screen. In the remaining trials the colour of the moving and stationary stimulus remained unchanged. The probability of change was manipulated on three diVerent levels (50, 75 or 90% of all trials) and the blocks were presented in a randomised order. The observers were instructed to respond, as quickly as possible, to the change in colour and to abstain from the reaction in trials where colour of the stimulus remained unchanged. Each observer performed 100 trials with change per experimental condition, which means 200 presentations for the block with 50% of changes.
Results
There were only 10 missing responses (i.e., no button press in case of colour-change) that were divided almost equally between blocks with diVerent change probability. Most of the 17 anticipations (11) were in the block of 90% of change probability. Altogether there were 74 false alarms, the majority of them (66) for the fastest moving target (23.4°/s). The distribution of false alarms between the diVerent blocks was 33, 25, and 16 for the blocks with 50, 75 or 90% of the change probability, respectively. Thus, the total number of false responses was reasonably low. Fig. 3 shows the mean RT as function of the stimulus velocity for the three diVerent colour-change probabilities. The mean RT decreased with the increase of both velocity and the colour-change probability. It was easier to notice the change in colour when the object moved faster and the change was more likely to happen. The latter of these two eVects is well known: the RT slows down with an increase in the uncertainty of the stimulus occurrence (e.g., Näätänen, 1972) . Because three curves in Fig. 3 are almost parallel, there is no interaction between stimulus uncertainty and velocity [F (4, 12) D .774, p D .562, repeated measures ANOVA]. Thus, velocity alone, independent of uncertainty, determines the time that is needed to detect colour changes.
Experiment 3
A factor that can contribute to the shortening of the detection time is the motion blur which smears luminance of the moving object along the movement trajectory. Beside the decrease of the eVective contrast motion blur also eliminates high spatial frequency information from a moving stimulus. It is possible that the removal of high frequency content produces disinhibition by shifting visual processing towards lower spatial frequencies (cf. Chung & Bedell, 1998 , 2003 . On the other hand, it is Wrmly established that RTs always increase with spatial frequency (cf. Breitmeyer, 1975; Tolhurst, 1975; Vassilev & Mitov, 1976) . Altogether, this may mean that velocity shifts the decision criterion systematically towards lower spatial frequencies which are detected progressively faster.
Method
Participants
Same four observers who participated in the previous experiment served as observers for this experiment, too.
Apparatus and stimuli
Stimulus and methods were similar to previous experiments. The only important diVerence was the form of the stimulus. Instead of a rectangular proWle of luminance a segment a half cycle of a sinusoidal distribution of luminance was used. The height of the rectangular segment was always 2.3° but its width was either narrow (1.2°) or wide (2.3°). At the borders the luminance of the segment was equal to the background (0.26 cd/m 2 ) and started gradually to rise reaching the maximal value 4.9 cd/m 2 in the middle of the segment. Like previous experiments, the red or green segment appeared on the left or right border of the screen and started to move with one of two constant velocities, either 4.4 or 17.6°/s (selected randomly before each presentation). Like Experiment 1, the moving red or green bar changed unpredictably its colour in one of 10 possible locations along the central part of the trajectory (one third of the screen width). In addition to these two velocities, in one third of cases a stationary segment appeared in the same 10 positions on the screen and its colour changed in a time window comparable to the stationary condition in Experiment 1 after its occurrence on the screen.
Procedure
The procedure was almost identical to the Experiment 1. The observers were instructed to respond, as quickly as possible, to the change in colour. Fig. 4 presents the mean RT as a function of velocity for both widths of the moving segment. The shape of the function repeats almost exactly the shape of the response function obtained in the Experiment 1. Two curves corresponding either to narrow (1.2°) or wide (2.3°) stimulus were identical except a constant vertical shift: RTs to the colour change of the wide stimulus were on average 17 ms faster than RTs to the colour change of the narrow stimulus. As expected, ANOVA did not reveal interaction between velocity and stimulus width [F (2, 4533) D 0.285; p < .753]. Thus, the absence of the interaction rules out explanations based on an assumption that motion blur eliminates high spatial frequency information from the moving stimulus and through that makes the faster-moving stimulus more detectable.
Results
Discussion
The results of this study demonstrate that the basic assumption of the colour-changing stimulus paradigm, that colour-changes of the moving object are detected independently of its velocity, is diYcult to maintain. Zeki and his colleagues (Moutoussis & Zeki, 1997; Zeki et al., 1991; Zeki, 2003) have assumed, tacitly at least, that colour- changes of the moving object are detected separately and in parallel with the kinematic parameters of the moving object (see also Arnold, CliVord, & Wenderoth, 2001; Viviani & Aymoz, 2001 ). This assumption implies that colour attributes are coded by the distinct region in the visual cortex which is essentially uninformed about other perceptual attributes such as velocity. Otherwise it would be impossible to interpret the results of the colour-changing paradigm as an indication of two distinct systems with their own incongruent perceptual latencies. However, all three experiments reported in this study showed that the detection of colour-changes was facilitated by the increase of velocity: the higher was the speed of the moving object, the less time was required to notice changes in its colouration. This can only mean that the mechanism processing colour is not totally ignorant about movement parameters. Consequently, the perceived asynchrony between alterations of movement and colour attributes cannot be immediately interpreted as an indicator of perceptual delay (cf. Bedell et al., 2003; Nishida & Johnston, 2002) . On the basis of the colour-changing stimulus paradigm it is impossible to claim, at least without more detailed elaboration of the decision process, that we become conscious of colour and motion at diVerent time moments.
The colour-changing stimulus paradigm has concentrated exclusively on the detection of changes in colour. In this study we demonstrated that it was not the colourchange alone that was detected faster when the object moved with higher velocity. In the Wrst experiment, virtually identical dependence was obtained for the detection of changes in the stimulus contrast. This, of course, suggests a common mechanism for shortening of the detection time of colour and contrast changes of the fast moving stimulus. Thus, the proposed explanation cannot be speciWc to colour coding system alone.
However, the most intricate part of the reported experiments was the separation of purely kinematic eVects from the stimulus uncertainty eVects. The reported experiments demonstrated that observers were extremely sensitive to any stimulus aspects that could change the spatial, temporal and occurrence uncertainty. The reduction of all three types of uncertainties, spatial and/or temporal (Experiment 1) and occurrence (Experiment 2), decreased the mean RT. Nevertheless, this decrease was obviously independent from the kinematic eVects. Although Experiment 1 was unable to disentangle uncertainty eVects from velocity, Experiment 2 clearly did it.
The question how to explain the shortening of the RT to colour-changes with the increase of velocity still remains. It is known for a long time that moving objects may look diVerently from the same objects that remain stationary. Parrot (1839) was perhaps one among the Wrst thinkers who noticed that dimensions of a moving object appear smaller when they are moving faster (cf. Allik & Konstabel, 2005) . In 1937, Harold Brown reported an apparent contraction of an illuminated arc, rotating at less than fusion speed (Ansbacher, 1938 (Ansbacher, , 1944 . The apparent contraction of a moving object was later repeatedly conWrmed by other investigators (Anstis, Sturzel, & Spillmann, 1999; Caelli, HoVman, & Lindman, 1978; Day, 1973; Dzhafarov, 1992a Dzhafarov, , 1992b Dzhafarov, , 1992c Dzhafarov, Allik, & Kapustin, 1984; Stanley, 1964 Stanley, , 1968 . Beside deformations of the perceived size caused by smear and luminance masking, there is also an apparent contraction eVect that is attributable exclusively to the metric changes of visual space itself (Dzhafarov, 1992a) . By itself the time required to detect changes in the moving object provides no information about the metric of visual space and the explanation must be sought in properties of mechanisms responsible for the detection of these stimulus changes.
According to our knowledge, it is the Wrst time to report this regularity-the detection of changes in colouration improves with velocity. One of the reviewers indicated that our results are in disagreement with those of Bedell et al. (2003) who found virtually no eVect of stimulus velocity on observers' judgements of perceptual synchrony between colour and motion changes. However, similarity between these two studies is superWcial. Unlike this study, the task of the observers in Bedell and his colleagues experiment was to indicate temporal order of two changes, motion-direction and colour, that happened to the same moving object. In a direct analogy with the Galileo's principle that none of the experiments would give any indication of the velocity of the ship as long as the ship's motion is uniform, it was in principle impossible to discover any eVect of velocity in this experiment as long as the velocity aVects the both undergone changes of the moving object equally. Due to the prevailing concept that motion and colour are processed separately (Livingstone & Hubel, 1988; Zeki et al., 1991) there is no model that could explain why it is easier to detect changes in colour or contrast when velocity increases. However, there are two possible lines of exploration.
The Wrst line is related to the change of the phenomenal identity of the moving object. The detection of change is comparable to the detection of a new object in the visual Weld which appears in the visual Weld and starts to move with a constant velocity. In other words, the colour and contrast detection task may be treated by the visual system like a motion onset task of a newly emerged object. It is well documented that the RT to the motion onset is a decreasing function of velocity (Allik & Dzhafarov, 1984a; Ball & Sekuler, 1980; Dzhafarov, Sekuler, & Allik, 1993) . This means that the motion onset of an object moving with a high velocity is more conspicuous and easily detectable than the motion onset of the same object when it starts to move more slowly. The main problem with this type of explanation is that the RT to motion onset can be best described by a negative-exponent power function of motion speed with the exponent of about ¡2/3 (Allik & Dzhafarov, 1984a; Dzhafarov et al., 1993) . Data show that above a velocity of 4°/s the RT values remain practically on the same level. The detection of colour and contrast, however, improves almost linearly far beyond this critical velocity.
Another line of investigation is related to integration of information along movement trajectory. It can be hypothesised that units sensitive to the change of colour or luminance contrast are more sensitive to patterns that are evolving in time and space rather than stationary ones. One can imagine, for example, that the probability of detection depends on how many coding units can be activated during some temporal interval. Although in dense random cinematograms only the shortest jumps are counted (Allik & Dzhafarov, 1984b) , in less crowded patterns the motion signals seem to be combined along the trajectory of the moving object (cf. Caudek, Domini, & Di Luca, 2002; Festa & Welch, 1997; Welch, Macleod, & McKee, 1997; Verghese, McKee, & Grzywacz, 2000) . Because the faster moving stimulus activates a larger number of coding units along the trajectory it can be expected that the detection of colour or contrast changes is facilitated when the larger number of coding units are involved. This, however, implies that movement coding units are not only sensitive to movement parameters but also to changes in colouration as well. Unfortunately, on the basis of the presented data alone it is impossible to say whether motion signal recruitment can explain velocity dependent shortening of the RT or not.
